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I. INTRODUCTION AND SUMMARY 

This report summarizes the technical effort on the 
NASA-OAST/JPL thermionic converter studios at Thermo 
Kl(‘otron (iurinR 1980. The primary goal of this program 
was to develop thermionic energy conversion (TEC) tech- 
nology appropriate for nuclear electric propulsion (NEP) 
missions. This space TEC effort was complementary to the 
t(U’restrial TEC studies sponsored by the Department of 
Energy (DOE), which have the goal of topping fossil fuel 
powerplants. Since the technical details of the combined 
space and terrestrial investigations are available in the 
joint DOE/JPL Advanced Thermionic Technology Program 
Progress Report Nos. 42, 43, 44, and 45 - this document 
(consistent with instructions from Dr. Katsunori Qhimada 
of .JPL) will be essentially an executive summary report. 

TEC has been a primary conversion option for space 
redactors because of its: (1) high operating temperature, 
(2) lack of moving parts, (3) modularity, (4) established 
technology and 5) development potential. 
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OurlnR lOBO, the primary focus of the NASA/OAST/.IPL 
program was on characterization of prornlslnR omltti»r- 
col lector pairs. The Prot^ress Reports cited previously 
fontain a ^u’cat deal of data on thermionic diode outputs 
at the refi'i’ence emitter temperature of 1650 K as a 
function of collector temperature, cesium reservoir tem- 
peratiire, and intorelectrode spacing for a variety of 
electrode combinations. These data are summarized in 
B«»ctlon n of this report. 

Tl\e salient result is that thermionic converters 
(constructed with collectors formed by molybdenum subli- 
mation in an oxypen atmosphere onto a niobium substrate) 
cati be ri'produclbly built with performances corresponding 
to a mean barrier index of 2.0 eV. At an emitter temper- 
aturt' of 1650 K and the collector temperature ranging 
between 750 and 000 K, this measured performance corre- 

f) 

sponds to a power density of over 5 W/cm“ at a calcu- 
lated electrode efficiency of around 12 percent. An 
Interesting result is that for converters built with 
sublimed molybdenum oxide collectors, molybdenum and 
tungsten emitters gave comparable outputs. Based on these 
r(‘sults, state-of-the-art TEC performance corresponds to a 
barrier index of 2.0 eV. This represents an improvement 
of about 0.1 eV during the past two years. 
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C Om»f}f1ATION 


Slnnlficant progress was macio in undorstancUng that 
tiu; oxygen transport mechanism was associated with suh- 
lim(?(i molybdenum oxide collectors. Based on mass spectro- 
scopy measurements, Auger spectroscopy, thermochemical 
analyses, and converter data summarized in Section III, it 
appears that the oxygen transport from the collector to 
Llie emitter it via GsoO formed by cesium diffusion and 
reaction with the molybdenum oxide in the sublimed coat- 
ing. Thi.s Insight may lead to improved converter 
operation . 

Development of cylindrical converter components 
received a secondary effort. In spite of the low program 
emphasis, two results are noteworthy. First, a leaktight 
prototype niobium bellows was fabricated. Second, a tech- 
nique was developed for casting sapphire between molybde- 
num cylinders with diameters prototypic of the molybdenum- 
lithium heat pipes and molybdenum emitters projected in 
the JPL-LASL THC reactor design. The temperature drop 
across the sapphire was only 14 K at a heat flux of about 
30 W/cm^. Although the stability of the electrical 
resistivity was marginal, the results are encouraging that 
the heat pipe insulation problem can be solved. In par- 
ticvilar, the stable operation of silicon carbide-carbon- 
tung.sten structures at a temperature of 1730 K for over 
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bOOO liours In tlu» DOK THO program suggest that silicon 
carbide is a promising candidate for this application. 
The component development effort is discussed in Section 
IV. 

System studies summarized in Section V indicate that 
ir the h(»at pipe-emitter insulation problem can be re- 
solved at llJhO K, specific mass values of approximately SO 
kg/kWe can be expected with a THC out-of-core reactor 
systi'in. If this insulation problem cannot be resolved, 
results presented in this section suggest that radiation 
coupling of the heat pipe to the thermionic converters 
constitutes a viable system option that des(>rves further 
t'xploration . 

In summary, the substantial technical progress in 
this proginam demonstrates TliC as a viable conversion 
system for reactor space power applications provided that 
a suitable emitter temperature (>^ 1650 K) can be supplied. 
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II. THERMIONIC CONVERTER CHARACTERIZATION 

Candidate emitter and collector paii\s were character- 
i«ed for the operational temperatures of primary interest 
for nuclear electric propulsion (NEP) . Converter perform- 
ances were measured at the reference emitter temperature, 
T[.j, of ld50 K as a function of collector temperature, 
T(j, cesium temperature, Tj^, and Interelectrode 
spacing, d. 


A . Research Converter Description 

The basic configuration of all the thermionic con- 
verters used in these studies is shown in Figure 1. 
Details of design and fabrication depend on the electrode 
materials in a particular diode. In a few cases, sapphire 
windows were incorporated into the converters in order to 
observe the cslectrodes and discharges. The nickel bellows 
ptvrmits the emitter-collector spacing to be varied from 
0.1 to 2 mm. The converter is mounted in a test stand, 
which allows the J-V characteristics to be measured as a 
function of T^,,, Tq, T^^, and d without removing the 
bell jar enclosing the test stand. 
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Tho rof«ronoo out-of-coro thermionic reactor system 
has an emitter temperatui’e , Tj,., of 1650 K. vSystem con- 
straints such as the output electrical power, dimensions 
of the space shuttle bay, maximum allowable specific power 
(l.e., kR/kWe), Interface temperature drops, and radiator 
heat pipe characteristics will be used In combination with 
data on thermionic convertor output as a function of 
collector temperature, to determine the collector 
temperature most appropriate tor the system. Uecent 
studies indicate that the optimum Tq will probably range 
between BOO and 1000 K. However, the pow'er density, P^, 
and efficiency characteristics of the thermionic converter 
are senslttve to collector temperature in this range ana 
must be better defined in order to establish the design 
value of T(j. This problem Is complex since, for a given 
emitter and collector pair, Pjj is a function of T^, 

Tq, the current density, J, the interelectrode spacing, 
ti, and the cesium pressure, P^g, (which corresponds to 
the liquid cesium reservoir temperature, Tj^). Sometimes 
an additional constraint is placed on the output voltage, 
V, or the current density. The measurements during this 
program period provide a data base that can be correlated 
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with modolw of tha thonnionlc s'onvortor used in the system 
studies. Since the Tg value of 1650 K appeared to he 
well established for the NKP mission, most of the con- 
verter data were taken at this temperature. 

• Tt>et Convertor Summary 

A summary of the JPh converters in this test series 
is tuven in Table I. The most siRivif leant result is the 
R{)od performance obtained with most of the converters 
built with sublimed molybdenum oxide collector-''’. The 
avtuviRO minimum barrier index, V^, of JPL Converter Nos. 
1, 0, U), 11, 14, and 15 with molybdenum oxide collectors 
was 2.01 eV . 


^ • Performanc e Characteristics 

The performance of Converter No. 232 (JPL No, 4) was 
typical of the converters with well activated molybdenum 
oxide collectors. Thus, the data from this tlierinionic 
diode will be presented as a representative of such con- 
v(»rters. Converter No. 232 had an electropolished (EP) 
arc cast molybdenum emitter and a sublimed molybdenum 
oxide collector. It was built with a sapphire window 
whicli allowed observation of the electrode roRion. The 
window was cooled by a copper sleeve that was coupled to a 
heat sink via copper cooling straps. 
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227 

Mo 
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at Te* *» 000 K, Vn ^ 2.30 0 V 
at T^« 1100 K, VJ! «» 2.40 oV 
Roportod In 1079. ” 

2 

f»«n 

*/«««] 

Mo 

W^Oy 

2tl0 

1.60 

Window Diodo 

Convortor ootablibhod that an 
oxide collector holpn a Mo omittcr. 
lloportod In 1979. 

3 

231 

Mo 
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(1.100) 

2.28 
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232 
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V« moamirod as a function of 
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14 


15 


16 


25V 


254 


249 


256 


KP-Mo 


EE-FW 


EB-FW 


EB-FW 


MOvOv 

(12,300) 


> 2.2 


No oxygon effect observed, 


MOj^O^ 

(97880) 


2.0« 1.48 


MOvC 
(9,880) 


2.0d 1.58 


Stable at good performance for 200 
hours. 


Stable at good performance for 110 
hours. 
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V 

(12,300) 


> 2.2 


No Oxygon effect observed. 
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Initial performance measurements of Converter No» 232 
Rave a high barrier index. At an emitter temperature of 
1(550 K., the barrier index was 2.32 eV at 5 A/cm^. No 
pronounced increase in emitter saturation current with 
Increasing collector temperature was evident and the 
initial J-V characteristics of the diode appeared to be 
somewhat resistive. 

After approximately 30 hours of operation, the diode 
output improved dramatically and the barrier index 
decreased to 1.98 eV for Tg = 1650 K. The J-V charac- 
teristics at Tg = 1650 K, Tq -- 750 K, and d = 0.50 mm 
are given in Figure 2 for a range of cesium reservoir tem- 
peratures from 507 to 551 K - eorresponding to a cesium 
pressure, P^,g, range of 0.25 to 1.0 torr , respec- 
tively. Evidently, cesium combines with oxygen in the 
molybdenum matrix to form a volatile oxide a low work 
function (relative to a cesiated metal). Oxygen transport 
to the emitter provides a high current density for a given 
cesium pressure, which allows the interelectrode spacing 
1,0 be increased. Consequently, addition of oxygen to the 
converter from the sublimed molybdenum oxide surface 
results in a higher performance with an electrode spacing 
that is more practical. 
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It should be noted that the output voltage given in 
all the figures in this report are electrode, rather than 
lead, potential because the emitter sleeve (see Figure 1) 
is much thicker than optimum. Performance characteristics 
at Tj.. = 1050 K for optimized collector temperature and 
cKisium pressure at spacingo between 0.25 to 1.0 mm are 
given in Figure 3. As the distance between the emitter 
and collector increases from 0.5 to 1.0 mm, there are pro- 
nounced changes in the J-V characteristics. Measurements 
Were also made as a function of collector temperatures. 
For Tjj. = 1050 K, the diode was optimized for cesium 
pressure and spacing at collector temperatures of 750, 
800, 850, and 900 K. These results are shown in Figure 4. 
It is evident that the output decreases significantly as 
the collector temperature goes above 850 K. 

A More typical performance was observed for Converter 
No. 220 (see Figure 5). A barrier index of 2.1 eV, or 
less, was maintained at collector temperatures up to 1000 
K. This converter had an EP CVD fluoride tungsten emitter 
which was highly oriented (100). The collector was poly- 
crystalline nickel. 
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Figure 5. J-V Characteristics o£ Converter No. 226, Parametric 
in Collector Temperature, for Tg = 1650 K and 
Optimized and d. 
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I DivnmiATiuN 


It l8 Intorostlnp to compare the output of Converter 
N(v. ;2U(5 with that of itK HlBter diode, Converter No. 1125, 
which alKt) had a nickel collector. However, the t*mltti*r 
of (’(inverter No. 225 was as deposite,d (AO) CVO fluoride 
tunKstiMi. The J-V characteristics for Converter No. 225 
ai’(* shown in Fii^ure 0. Over the collector temperature 
rani\(‘ from 900 to 1000 K, the perfoi’mance of Converter No. 
22() wa.s much hii^lu»r than tluit of Converter No. 225. 

The diode that was least sensitive to collector teni- 
pc'rature was Converter No. 227 which had a molybdenum 
('in it ter and a niobium collector. The optimized J-V 
characteristics for this diode are f,iven in PlRure 7. 
Al tluiiu(h its output is lower at Tq = 900 K than any 

otlutr converter In this study, its output at Tq = 1100 K 
is hijiher. 


• Oiscussio n 

The foroKoinK plots of J-V characteristics versus 
collector temperature should be useful for out-of-core 
thermionic reactor desii;n efforts. However, these raw 
data are not convenient for comparing the performances of 
the converters being evaluated. A more transparent dis- 
play of the experimental results is shown in Figure 8. 
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TlriH riKurti i;Iv(*h tho maximum output power density (for 
o|)llml’/-ed currcHit density, spacing, and cesium pr<?s.sure) 
as a function ot collector temperature for all the con- 
V(n'ters evaluated In this study. For T < 900 K, the 
p('rformance of Converter No. 232 Is clearly superior to 
that of the other diodes. Surprisingly, tlie output of 
Conv(*rter No 220, with an KP CVI) fluoride tungsten emit- 
ter, is relatively high for collector temperatures up to 
1050 K. As noted previously, Converter No. 227 (with an 
HP ar(i cast molybdenum emitter and a niobium collector) 
had the lowest power density at Tq = 900 K, but the 
hlgliest at Tq = 1100 K. 

Of cours(S the data in Figure 8 for optimized current 
iiensity and optimized interelectrode spacing may corre- 
spond to impractical values of these parameters for space 
system applications. Therefore, a comparison is made in 

Figure 9 subject to the constraints of d >_ 0.25 mm and J = 
o 

B A/crn“. Although the order of converter performance is 
the same in both Figures 8 and 9, the power densities of 
most of the diodes are tested and reduced significantly by 
these constraints. In particular, the relatively out- 
standing performance of Converter No. 232 in Figure 8 is 
much less dramatic in Figure 9. 
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EfI/JITTER TEMPERATURE - 1650 K 
CURRENT DENSSTY- 8 A/cm^ 
SPACING >0.25 mm 
OPTIMIZED CESIUM PRESSURE 
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Tho conv«i’b(vr data presontod Uoroin do not appear to 
be? aim?nablo to Lnt(3rprotation by an elementary analytical 
mode of the iRnlted mode diode. Flowover, it is signifl- 
oant that the two best performini; diodes (l.e., Converter 
Nos. 232 and 33) for < 900 K both utili'/.ed sublimed 
tm)lybdenum oxide collectors. 

It is quite intoresuint? to compare the outputs of 
(t)nvert(?r Nos. 225 and 220, both of which had nickel col- 
1 (HI tors. At all collector temperatures, the performance 
of Converter No. 226 (with an KP CVI) fluoride tun^jsten 
emitter) is far more superior to that of Converter No. 225 
(with an AD CVD fluoride tungsten emitter) whose emitter 
is highly structured. Therefore, these data are not con- 
sistent with th(j rosultvS of Uasor Associates who have 
r<?ported better performance with a structured emitter. 

The (juito different outputs of Converter No. 220 and 
226 are surprising since, from a simple thermionic con- 
verter model, the variation in power density with col- 
l(»ctor temperature is expected to be similar for osten- 
sibly Identical nickel collectors. Although both col- 
lectors were machined from the same block of 201 nickel, 
fabrication and outgassing procedures may have differed in 
subtle, but significant, respects. 
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PoHtopt^rat Loiml dlut^ncHtioB on tho omlfctor of 
two uonvortor.s did not clarify the riiooropancy in their 
pi‘rl’ormanc(>!a . Aft(‘r hoatinr; to 1400 K, tiic olcmental sur- 
face' compoHition of the omittj'r from Converter No. yilh 
wa.'i, approximatoly : W(B4^), 0(14%) , and C(«%)» 

For comparitson, tho (’ompooition of the omitt«*r from 
Convertor No. :r3(5 was; V/((50%), C(3G%), and 81,0 (<l%). It 
was <hHpeet(‘d that the highly oxygenattsi emitter (!.(>., 
(’onv«*rter No. 000) would hav(» the higher bart» wt)rk 
function as nusisureil by tiio field einiHSton rtvtarding 
potential CFFRP) teclmique. As expected, the FKilP work 
function (mi*asui(sl after heating to IBOO K) of the emittt*r 
f nun (\)nvertt'r No, OOD of 0.07 eV was higher than that 
from Convertiir No. 00(5 of 4.Br> eV. Typically, the t'mlttor 
with the higher l)are work function would in? ('xpeeted to 
give tlu‘ bi>st rt'sults. However, this expectation was not 
lanili/aul in t data from Converters No. 225 and 22R. 

• Cone lus it His 

The output power density measured as a function of 
cvolltuitor temperature (at a fixed emitter temperature of 
1(551) K) do not appear to be amenable tf> interpretation by 
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an (^loiTientary model of the ignited mode diode. For col- 
lector temperaures below 900 K, converters built with sub- 
liiTHul molybdenum oxide collectors give the best perform- 
ance. However, tl.ve data do not imply the superiority of 
any particular emitter. 




HI. OXYGEN TRANSPORT FROM AN OXIDE COLLECTOR 

The success of converters built with molybdenum oxide 
collectors has stimulated renewed interest in the oxygen 
transport meclianism. For molybdenum oxide collector tem- 
peratures greater than 750 K, an "oxygen effect" occurs; 
that is, an increase of collector temperature causes an 
increase in emitter saturation current. This is believed 
to be due to an oxygen containing gas being transported 
acroKs the interelectrode gap and decomposing on the 
(jmitter. It is unlikely that oxygen is transported as a 
gas since it would be expected to react with cesium to 
form an oxide. This expectation is consistent with the 
negative results of experiments in which oxygen was intro- 
duced into operating converters through the collector 
(either through sintered lanthanum hexaboride or a center 
liole) . 

The following four pieces of evidence indicate that 
the most plausible oxygen carrier is Cs20» The first 
stated evidence is from new data and the other three 
factors are from previous data. 
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A. Mass Spectroscopy 

A sublimed molybdenum oxide collector structure (from 
the same sublimation run as for the collector of Converter 
No. 232) was mounted in front of a quadrupole mass spec- 
trometer in the SCO, Mass spectra taken as a function of 
sample temperature are shown in Figure Nos. 10 through 12, 
The temperature was measured with an optical pyrometer 
with an assumed collector emissivity of 0.4. Oxygen gas 
is not detected for any temperature. M0O3 is first 
detected at 1450 K (at an estimated pressure of 10“^^ 
torr). The occurrence of M0O2, MoO, and Mo may be due 
either to actual desorption from the collector or from 
cracking of M0O3 in the mass spectrometer. The seven 
peaks corresponding to each molybdenum oxide are due to 
the seven major isotopes of molybdenum, and the magnitude 
of each peak corresponds well with the relative natural 
abundance of that isotope. 

On the basis of these data, one can rule out oxygen 
gas evolved from the collector as an oxygen carrier 
responsible for the oxygen effect. One can also rule out 
molybdenum oxides evolved from the collector since the 
oxygen effect occurs at 750 K while molybdenum oxides are 
not detected until the collector temperature reaches 1450 K. 
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Figure 11. Quadrupole Signal vs Mass Number fur a Sublimed Molybdenum Oxide Collector Heated 
to Temperatures of 1200, 1300, 1400, 1450, and 1500 K. 






MASS NUMBER 

Figure 12. Quadrupole Signal vs Mass Number for a Sublimed Molybdenum Oxide Collecto 
Heated to a Temperature of 1525 K. 
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Postoporat tonal analysis of Convorter No. 210 

(tun}', stun omlttoi', sublimod molybdenum oxide collector) 
sliowed no mt)lybdenum on the emitter. The detectability 
limit was 1% of a monolayer. This result also supports 
the conclusion that molybdenum oxides evolved from the 
coll(H'.tor are not responsible for the oxy^ren effect. 

• Thermochemical Analysis 
A thermocluunical analysts for a tuni^sten-tuiu^sten 
oxide converter reported in Progress Report No. 20 Is 
suminarl'/,ed and presented in tabular form in Table II. The 
elemental species concentrations are 1000 moles W, 1000 
moles Cs and tOO moles 0. The data Indicate that 89-00‘o 
of the Kas Is cesium, with the remainder almost entirely 
Cs.,(). Tlie formation of CS 2 O is enhanced by lower 
temperatures (800 Iv) and liiRher total pressures (2 torr). 
The data imply the Cs.^O pressure at tlie emitter side may 
be 2 to 10 times smaller tlian at tlie collector. Smaller 
CsyO pressures at the emitter are expected because of 
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(IkoO tldootnpossl tlon oti the emitter and formation of free 
oxygen and tun^Hten oxides. Some of the tungston oxides 
vaporl/-e, but the majority stay In the solid phas<? at 1500 
K. In summary, the thermochemical calculations Indicate 
that CS 2 O Is the most predominant oxypen containing; 
for the Riven concentrations of W, Cs, and 0. 

I) . Kxperimental Observations 

Convertc^r exp(u-lments Indicate tliat the temperature 
of tlie oxyRon effect Is relatively Independent of a) 
whether the collector is tungsten oxide or molybdenum 
«)xlde, and b) whetlier the sublimed molybdenum oxide is 
d(*poslt(jd at a substrate temperature of 1025 or 1225 K. 
Tiu‘se data are consistent with the hypothesis that the 
ti'mperature of the oxygen effect corresponds to the 
d('sorption temperature of CS 2 O and tliat tlie substrate 
acts merely as a source of oxygen to form CS 2 O. 

Tl\e foregoing four pieces of evidence strongly 
support tlie conclusion that the oxygen carrier in oxide 
converters is CS 2 O, although one cannot completely rule 
(5Ut such gases as MoO, CO, or CO 2 . 
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IV. CYLINDRICAI. CONVERTER COMPONENT DEVELOPMENT 

In order to provide the technological infrastructiire 
for constructing a prototypic cylindrical thermionic con- 
verter at a later date, a bellows subassembly was built 
and electrode insulation tests were performed, The foi’mer 
activity was successful while the evaluation of cast 
alumina as an electrical insulaton at an emitter temper- 
ature indicated that this material was, at best, marginal. 

A. Bellows Subassembly 

A bellows subassembly for use in the cylindrical pro- 
totypic converter was designed and fabricated. The 
bellows consisted of four convolutions, as shown in Figure 
Ul. Each convolution consisted of a flat and a formed 
member to allow for the largest axial movement in the 
minimum space. Special electron beam welding fixtures 
were also designed and built, as shown in the photographs 
in Figures 14 and 15. The completed bellows was subjected 
to a number of mechanical extensions and remained leak- 
tight . 
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• Kmittor-Heat Pipe Rloetrical Ineulatio n 
Tlio i)Ut»of-eorG thormltmlft reactor doHlRn for nuf.loar 
i?l(»ctrlc propulHton requires electrical Insulation ht»tween 
tlu* luuii; pipe and the thermionic converter at the (‘tnitl’Mr 
temperature (1650 K) with only a small temperature ilrop 
across the insulation. Sappliire Is a candidate material 
for tills application. Other approaedios to this ptnihlem 
are to use a thin metal closure to the converter or to 
couple the heat to the converter by radiation (see 6i*c- 
tion V). 


_l_j Kv aluatlon of _Cast Sapphire 

A technique for casting sapphire between inolybdimum 
cylinders with diameters prototyplc of the NKP thermionic 
reactor system deslRn was developed last year. The 
assembly for casting is shown In Figure 10. The sapphire 
neservoir is charged wltli crushed Lucalox, ami the 
assembly Is heatmi by RF in hydrogen atmosphere. The 
molten sapphire fills the annular gap (0.25 mm thick) 
between the molybdenum cylinders with the aid of the 
associated capillary force. Completion of the casting Is 
signalo'd by the appearance of molten material at the bleed 
hole. After the assembly is cooled, the top and bottom 
were machined off and the center hole was made by electric 
discharge machining. 
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Tho three-inch lonR cylinder Is mounted In a boll jar 
and heatcjd by electron bombardment. A photograph of a 
cast sapphire unit under test Is shown in PlRure 17. Tho 
outside temperature was 16.‘50 K and the temperature differ- 
ence across tho oast sapphire layer was approximately 20 K 
(measured by an optical pyrometer) at a heat flux of about 
•10 W/cm^. The outside of the unit was machined with a 
fine thread to increase its thermal emisslvlty. 

The Initial room temperature resistance of the first 
cast sapphire unit was over 10^ ohms. The initial 
rtuslstance at operating temperature (i.e., 1650 K) was two 
ohms. After 100 hours of testing, the room temperature 
resistance had decreased to about 0.1 ohms and the operat- 
ing tcjmperature resistance was almost a dead short. 

After termination of the test, the unit was sectioned 
along the axis. Some cracks were evident, but were not in 
a dirtjctlon to decrease heat or electrical flow. Appar- 
ently, the failure was caused by carburization of the 
organic fluid that penetrated the radial cracks in the 
cast sapphire during the electrical dishcarge machining. 
Tl\ere was also evidence of sapphire-molybdenum interaction 
that presumably took place during the casting operation. 
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Tho tcjclmique of casting sapphire was refined during 
tiu; subject reporting period. To minimize the reaction 
between the alumina and molybdenum, the second casting was 
performed only slightly above the melting point of the 
alumina. Unfortunately, the alumina flow only filled the 
Lop half of the fixture. 

The second unit had an initial cold resistance of 
10^ ohms and an Initial hot resistance (1650 K) of 
approximately 120 ohms. After 30 hours of operation, the 
rcjsistance stabllzed at about 20 ohms. This casting was 
t(isLed at 1650 K for a total of 1585 hours. During this 
period, a 10 volt bias was applied for 1450 hours and a 25 
volt bias for 100 hours. In addition, the unit survived a 
150 volt breakdown test. 

On sectioning, there was no evidence of the conduct- 
ive block substance found in the first casting. There was 
no gross interaction between the sapphire and molybdenum. 
Also there were fewer voids than in the first casting. 

For tlie third test, the casting fixture was modified 
by drilling a hole in the bottom of the outer cylinder to 
provide better observation of the liquid sapphire. In 
addition, both molybdenum surfaces were rouglujned with 80 


43 




Thermo 

Electron 

i.anr»onATioN 


threads per Inch. During the casting, the bottom of the 
fixture was held at a slightly higher temperature than in 
previous efforts to improve the flow of the sapphire. 
This flow was terminated as soon as It reached the bottom 
vent hole. Inspection showed that the sapphire flow fill- 
ed the entire fixture. 

The initial cold resistance was greater than 10® 
ohms and the initial resistance at 1650 K was greater than 
00 ohms. However, a vacuum pump failure resulted in 
severe oxidation of the molybdenum and shorted the test 
fixture. After cleaning the apparatus and repairing the 
vacuum system, the unit was returned to test. However, 
tluj sapphire casting shorted at operating temperature. 
Efforts to clear the shorts with capacitor discharges were 
not successful. 

Based on the foregoing experience, it appears un- 
likely that the cast sapphire would prove to be an 
adequate electrical insulator at 1650 K for the opera- 
tional lives required for NEP missions. 
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2, Possibility of Silicon Carbide Insulation 

Since silicon carbide has a band Rap of approximately 
2 (*V, pure material would bo expected to be a good elec- 
trical insulator at high temperatures. For a ceramic 
mat(jrlal, silicon carbide has a high thermal conductivity. 
It has a good tliermal expansion match to tungsten and 
(>,arbon and a fair thermal expansion match to molybdenum. 
In their ceramic heat pipe program, LASL has demonstrated 
thermal cycling to 1775 K of CVI) silicon carbide on a 
molybdenum substrate using a thin intermediate layer of 
tungsten to miniml’/.e stresses. In the DOB TBC program, 
Thermo Blectron has developed techniques of chemically 
vapor depositing silicon carbide on both tungsten and 
moIyl)d(>num using an intermediate carbon layer. These 
structures have operated as hot shell-emitters of 
combustion-fired thermionic converters for periods of 5100 
hours at 1630 K and 5900 hours at 1730 K. 

Based on these considerations, silicon carbide should 
bo of interest as a high temperature electrical insulator. 
A measurement of the electrical resistivity of Thermo 
Blcjctron's CVD silicon carbide at room temperature was 
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approximately 80 ohtn-cm. This value implies a high tem- 
perature resistivity that would be too low for effective 
electrical insulation. However, the possiblity of greatly 
increasing the electrical resistivity by improved purity 
or an additive appears promising. 
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V. SYSTEM CONSIDERATIONS 

The systvjm studies were directed at InteBratinR the 
tluvrmionic converter subsystem with the other power sub- 
syst(‘ms; namely the nuclear reactor, the radiator heat 
r(».jc‘ctLon subsystems and the power conditioning subsystem. 
Tlu* power system is illustrated in Figure 18. The heat 
from the reactor is transferred to the thermionic oon- 
vcn’ters by bent lithium heat pipes, the reject heat from 
th(^ tliermionio converters is radiated to space by heat 
pipes located on the periphery of the spacecraft. 

The performance goals of the system are shown in 
Tabl<> III. Four system configuration options were inves- 
tigattnl as sl\own in Table IV. Option 1 corresponds to the 
illustration of Figure 18. A layout of this system option 
is shown in Figure 19. This figure shows the reactor, a 
typical lithium-molybdenum heat pipe passing chrough the 
nuclear shield and propellant storage to a typical con- 
verter. The reject heat from the converter is removed by 
a heat pipe. The condenser of this heat pipe forms the 
out<n' wall of the spacecraft, where the heat is radiated 
to space. The thermionic converters in this concept 
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TABLE III 

TEC NEP SYSTEM PERFORMANCE GOALS 

• SPECIFIC MASS 22 kG/kW 

0 CONVERTER EFFICIENCY 12% MEASURED 

• LOW MASS RADIATOR 

• LONG LIFE - 40,000 HOURS MISSION LIFE 

• NET POWER PRODUCED 100 TO 120 kW 
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TABLE IV 

SYSTEM CONFIGURATIONS OPTIONS 


INSULATED SYSTEM WITH EMITTER AND COLLECTOR HEAT PIPES 


RADIATION COUPLED SYSTEM WITH EMITTER AND COLLECTOR 
HEAT PIPES 


RADIATION COUPLED SYSTEM WITH INTEGRATED HEAT 
RECEIVER AND RADIATOR 


RADIATION COUPLED SYSTEM WITH INTEGRAL HEAT RECEIVER 
AND RADIATIOR WITH REFRACTOR WALL. 
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l Figure 19. Conceptual Layout of Insulated System with Emitter 

and Collector Heat Pipes 






r p 

( ai’(‘ <ni 3 Gti’LcalLy InBulaturt from the reactor heat pipes, 


tliUH allowin'/, a Berles-parallol connectLon e£ the con- 
verters , This results in the redumlanoy deslreti for 
rca lability an output voltaRO of 311 V dc. 

Tl»e projected performance of the insulated heat pipe 
system is shown in Fissure 20, for various collector and 
(Mnitter temperatures as well as differing combinations of 
arc drop for a collector work function of 1.3 eV. The 
minimum power system specific mass with present day per- 
formance (i.e., V() - 0.5 eV and 1700 K emitter temper- 
aturt}) is 20 kg/kW. 

The second option considered, a radiation coupled 
systtnn with emitter and collector heat pipes is geomet- 
rically similar to that shown in Figure 19. The emitter- 
to-heat pipe insulation, however, is replaced by a vacuum 
gap so that the l^eat transfer occurs by thermal radiation 
only. The available heat transport was too low to obtain 
a spi'cific mass in the vicinity of 22 kg/kW. 

A geometry better suited for radiation heat transfer 
(designed as Option 3) was investigated where the heat 
retjeivt^r and radiator are incorporated into the converter 
structure, as illustrated in Figure 21. The reactor heat 
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